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1. 

VARIABLE CONSTANT FORCE HYDRAULC 
COMPONENTS AND SYSTEMS 

FIELD OF THE INVENTION 

The present invention relates to vehicle suspension sys 
tems and, more particularly, to adjustable or controllable 
damping devices. 

BACKGROUND OF THE INVENTION 

Traditional vehicle suspension systems have included 
Springs for Supporting a sprung mass (i.e. the chassis) above 
an unsprung mass (i.e. the wheels and axles) and shock 
absorbers for damping relative vibration of the sprung and 
unsprung masses. 
A traditional shock absorber utilizes a piston moving 

through a cylinder containing hydraulic fluid. The piston has 
a plurality of orifices to permit fluid to flow through the 
piston as it moves. The damping force generated by the 
shock absorber depends, interalia, on the piston velocity and 
orifice size. 

To improve vehicle handling and ride comfort, a variety 
of systems have been proposed wherein the shock absorber 
orifice size and/or geometry is controllable to adapt to 
varying road conditions. Additionally, so-called fully active 
Suspensions have been proposed wherein a single hydraulic 
cylinder replaces the shock absorber and spring at each 
wheel. Additionally, a system has been proposed wherein the 
pressures in the compression and rebound chambers of the 
dampers are controlled by means of pressure regulators. The 
regulators are controlled either via a computer processor or 
a hydraulic/mechanical arrangement. For improved ride, in 
response to the control input, the damper provides a constant 
compression and/or rebound resistive force, which force is 
determined by the control system for each damper based 
upon the particular ride condition (acceleration, decelera 
tion, cornering, bumps and the like). With such systems, for 
example, nosedive may be prevented upon braking by 
controlling the front dampers to provide a constant force 
resisting compression and the rear dampers to provide a 
constant force resisting rebound or extension. With any 
typical vehicle, braking results in a “weight transfer from 
the rear wheels to the front wheels. This produces a relative 
compression of the front springs and extension of the rear 
springs, resulting in nosedive. If the weight transfer is, for 
example, an increase of 500 pounds to the front end of the 
vehicle and a decrease of 500 pounds to the rear end of the 
vehicle, a vehicle equipped with a constant-force system can 
set the pressure in the compression chambers of the forward 
dampers to yield the necessary 500 pounds (250 per damper) 
of resistive force so that the forward springs do not signifi 
cantly compress. Conversely, the rebound chambers of the 
rear dampers provide a force resisting rebound of 250 
pounds per damper so that the vehicle maintains a horizontal 
orientation. 

If, under these conditions, the constant-force suspension 
equipped vehicle hits a sharp bump or the like, so as to 
otherwise increase the pressure in the compression chamber, 
the pressure regulation provided by the system allows for a 
blow-off of fluid from the compression chamber so that the 
constant force is maintained. 

Such systems are described in greater detail in James M. 
Hamilton, "Computer-Optimized Adaptive Suspension 
Technology (COAST), IEEE Transactions on Industrial 
Electronics, Vol. IE-32, No. 4, November 1985, and U.S. 
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2 
Pat. Nos. 4,634,142 and 4,722,548. The disclosures of these 
three documents are incorporated herein by reference. 

There are, however, a few problems that must be dealt 
with in the constant-force design. One problem is the lack of 
force when the direction of travel of the damper is wrong 
(i.e., not being able to provide a force in the same direction 
as the wheel/damper travel). If the vehicle hits a bump when 
braking forces are applied, after the upward portion of the 
bump is reached, the wheel will start to travel in the rebound 
direction so that the compression forces cannot be main 
tained and can return only after the wheel reaches its lowest 
position and returns to the compression direction once again. 
Another problem is finding an electrically controllable pres 
Sure-regulating valve that has sufficient size (orifice flow 
area for very high flow rates experienced when hitting 
bumps at high speed) at areasonable size and cost. There are 
large flow valves that are controllable, but they have many 
problems for the present applications, including large size, 
high hysteresis in their pressure regulation, expensive and 
complex feedback systems, and relatively slow response 
tneS. 

It is an object of this invention to efficiently solve the 
problem encountered when the control forces are momen 
tarily lost during damper movements in the undesired direc 
tion. 

It is a further object of this invention to solve the valve 
performance issues while at the same time reducing their 
cost and size. 

SUMMARY OF THE INVENTION 

There is accordingly provided in practice of the preferred 
embodiment of the present invention a controllable pressure 
regulator or relief valve regulating compression or rebound 
forces in a damper system. 
The valve regulates the relative pressure between primary 

and secondary fluid bodies. In particular, the valve limits the 
amount by which the pressure in the primary body exceeds 
that in the secondary body. 
A valve element is carried within a valve body for linear 

reciprocal movement along a valve access between a first 
position wherein the valve element blocks communication 
between the primary and secondary fluid bodies and a 
second position wherein the primary and secondary fluid 
bodies are in communication. This movement of the valve is 
responsive to a force exerted by the fluid in the primary fluid 
body upon the valve element. An actuator controls the 
response of the valve element by applying and modulating 
a force which resists the force due to the primary fluid body. 
The actuator is controllable to regulate the corresponding 
pressure in the primary fluid body necessary to move the 
valve element between the first and second positions. The 
valve is configured so that the force applied by the primary 
fluid body to the valve element is less than the product of the 
pressure in the primary fluid body and the cross-sectional 
area of the primary fluid body which is swept by the valve 
element. This force is also substantially independent of the 
position of the valve element. 
The resulting valve of this invention therefore provides 

very fast and stable operation with a relatively large orifice 
flow area that is controlled by a relatively small actuator, all 
of which fits within a very small package. 
The use of compliance in the appropriate locations and 

with the appropriate capabilities is incorporated in such a 
way as to provide transitional forces during the time when 
the damper forces would otherwise be lost during bumps 
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when the damper direction of travel is wrong for the desired 
pressure regulation. 

Thus, the invention provides an integrated constant force 
damper that provides the required performance, cost and size 
necessary to make a constant force damping system that is 
viable for vehicular use. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The features of the specific embodiment of the best mode 
contemplated of carrying out the invention are illustrated in 
the drawings, in which: 

FIG. 1 is a cross-sectional view of a damper unit accord 
ing to principles of the present invention; 

FIG. 2 is a cross-sectional view of a controllable relief 
valve according to principles of the present invention; 
FIG.3a is a cross-sectional view of the piston of the relief 

valve of FIG. 2; 
FIG. 3b is a top view of the piston of FIG. 3a; 
FIG. 4a is a side cross-sectional view of the valve of FIG. 

2 with its piston in a retracted position; 
FIG. 4b is a side cross-sectional view of the valve of FIG. 

2 with its piston in an extended position; 
FIG. 5 is a side cross-sectional view of a dual-slot valve 

piston; 
FIG. 6 is a cross-sectional view of a second controllable 

relief valve according to principles of the invention; and 
FIG.7 is across-sectional view of a damperhaving hybrid 

compliance according to principles of the present invention. 

DETALED DESCRIPTION 

A controllable pressure regulator or relief valve 40 is 
shown in FIG. 2. For purposes of exposition the valve is 
described with reference to the forward and rearward direc 
tions defined as the upward and downward directions of the 
orientation shown in FIG. 2. The lower or forward end 42 of 
the valve 40 defines a valve base. A valve body includes 
inner and outer concentric sleeves 44 and 46, respectively, 
extending back from the base. A hydraulic fluid substantially 
fills the volumes which include the interior of the inner 
sleeve 44 and the annular space between the sleeves so as to 
define respective primary and secondary fluid bodies 48 and 
50. To permit communication of fluid between the primary 
and secondary bodies, the inner sleeve 44 has perforations in 
the form of a ring of holes 52 encircling the sleeve and 
extending through from an annular slot 54 formed in the 
inner surface 55 of the inner sleeve (also see FIG. 4b). 
A valve element is formed as a piston 56 which is 

moveable within the inner sleeve 44 for selectively blocking 
communication between the primary and secondary fluid 
bodies. As is shown in detail in FIGS. 3a and 3b, the piston 
includes an operative portion 58 and a shaft portion 60 
extending back therefrom. The structure of the piston is 
described with reference to steps of manufacture. The opera 
tive portion is initially formed as a right circular cylinder of 
nominal external radius R which corresponds to the internal 
radius of the inner sleeve. A right annular slot 64 is centrally 
formed in the outer surface 66 of the operative portion and 
extends to a base radius R. Twelve holes or bores 68a and 
68b are formed in the operative portion, oriented in a ring 
and extending back from the forward face 70 of the piston. 
The three bores 68a extend completely through the operative 
portion. These bores thus serve as ports permitting commu 
nication of the fluid in the primary fluid body through the 
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4 
operative portion of the valve to a region 69 therebehind. 
The size and number of these ports determine a degree of 
damping of the valve element as it moves through the 
primary fluid body (smaller and fewer ports resulting in 
greater damping). The nine bores 68b, arranged in groups of 
three between the bores 68a, terminate before reaching the 
back end 72 of the operative portion of the piston. A central 
bore 74 of radius R (which is slightly smaller than R2) 
extends back from the forward face 70 of the piston and 
terminates with the bores 68b. The peripheries of the bores 
68a and 68b intersect with the slot 64 and central bore 74 so 
as to create ports 75 for allowing communication between 
the central bore and the slot. 

The piston is carried within the inner sleeve for linear 
reciprocal movement along a valve axis 500 which is the 
central axis of the inner and outer sleeves. In a first position, 
shown in FIG. 3a, the cylindrical lateral surface 76 of the 
forward section of the operative portion of the pistonblocks 
the slot 54 in the inner sleeve 44 so as to block communi 
cation between the first and second fluid bodies through the 
holes 52. 

In a second position, shown in FIG. 4a, the piston is 
drawn up (back) slightly so that the operative portion of the 
piston no longer blocks the slot and holes in the inner sleeve. 
This permits direct communication between the first and 
second fluid bodies. 

In a third position, shown in FIG. 4b, the piston is located 
below (forward of) the first position so that the slot 54 in the 
inner sleeve 44 is aligned with the slot 64 in the piston. This 
permits communication between the first and second fluid 
bodies through the piston. 

Operation of the relief valve is described with respect to 
FIG. 2, wherein the piston is in the closed position as has 
been previously described. The valve is assumed to be in an 
equilibrium state wherein the pressure P in the primary 
body is equal to or greater than the pressure P in the 
secondary body. The back end 80 of the inner sleeve 44 is 
covered and sealed by a forward facing end plate 82, the 
back surface of which abuts an annular shoulder 84 formed 
in the outer sleeve 46. Adjacent the periphery of the end 
plate 82, a plurality of holes 86 extend through the plate 
from the annular space between the inner and outer sleeves 
to a space 88 behind the plate so as to establish the space 88 
as a branch of the secondary fluid body 50. 
The piston shaft 60 extends through a central bore in the 

end plate 82 and, at its back end, bears a disk-shaped cap 90, 
secured to the shaft by means of a counter-bored bolt 92. 

Covering and abutting the disk-shaped cap 90 so as to 
restrict its rearward movement is a forward end cap 94 of a 
resilient ring 96. Specifically, the rear surface of the disk 
shaped cap 90 abuts the forward surface 98 of a central disk 
portion 100 of the forward end cap 94. A forward sleeve 
portion 102 of the forward end cap extends forward from the 
forward surface 98 and at its forward end abuts the end plate 
82. A plurality of ports 106 in the forwardsleeve portion 102 
permit communication between the interior of the forward 
sleeve portion and the space 88 external thereto. 
The resilient ring 96 has a rear end cap 112 which engages 

the shaft 114 of a solenoid 116 mounted on the rear end plate 
118 of the valve. Optionally, a pneumatic cylinder or other 
actuator may be used in place of the solenoid 116. A spring 
120 mounted in an annular bore 122 in the forward surface 
of the rear end plate 118 engages the rear surface of the rear 
end cap 112 so as to bias the rear end cap, resilient ring and 
forward end cap forward to maintain engagement of the 
forward end cap with the end plate 82. A second spring 128 



5,529,152 
S 

carried in an annular bore 130 in the rear face of the end 
plate 82 engages the lowerface of the cap disk-shaped 90 for 
biasing the piston rearward so that the upper surface of the 
disk-shaped cap 90 engages the forward end cap 94. In the 
orientation shown in FIG. 2, the springs 120 and 128 are in 
a substantially relaxed condition so as to perform their 
function only upon further compression which for the spring 
120 is when the valve element is in an orientation anywhere 
between that of FIG.2 and FIG. 4a and for the second spring 
128 when the valve element is in a position anywhere 
between that of FIG. 2 and FIG. 4b. Responsive to a control 
input or voltage applied over wiring 130, the solenoid 116 
applies a forward force to the rear end cap 112, thereby 
compressing the resilient ring 96. The dimension of the rear 
end cap 112 may be selected to vary the dimensions of the 
annular gap between it and the outer sleeve 46 so as to 
provide a degree of damping for motion of the end cap and 
thus the Solenoid. 

Although the piston sweeps the cross-sectional area of the 
primary fluid body equal to Tc(R)', the rearward force 
applied by the primary fluid body to the piston is less than 
this figure, because the bores 68a permit communication 
through to the area behind the operative portion of the 
piston, between it and the end plate 82. Accordingly, if R 
is the radius of the shaft 60 then the net rearward force 
applied by the primary fluid is P, Tc(R)'. Similarly, the 
secondary fluid applies a forward force on the rear end of the 
shaft 60 which is equal to P1c(R)’. The net forward force 
on the piston due to the pressures of the two fluid bodies is 
Tc(R)'(P-P). 

If the pressure P in the secondary fluid body exceeds the 
pressure P of the primary fluid body, there is a positive net 
forward force on the piston tending to pull it into the 
orientation shown in FIG. 4a. Although, this will be resisted 
by the spring 128, the spring constant is chosen so that the 
force exerted by the spring is substantially negligible (except 
as to biasing the valve into the orientation of FIG. 2 to resist 
movement caused by orientational changes or vibration as 
opposed to pressure differences in the fluid). As previously 
described, in this extended position the primary and sec 
ondary fluid bodies can communicate through the holes 52 
and slot 54 in the inner sleeve and through the piston. 
Accordingly, in this way the valve functions as a check valve 
establishing communication between the primary and sec 
ondary fluid bodies when the pressure in the secondary fluid 
body exceeds that of the primary plus any desired figure 
established by the selection of the spring 128. 

However, if the pressure P of the primary body exceeds 
the pressure P of the secondary body there will be a net 
rearward force on the piston equal to Tc(R)*(P-P). This is 
resisted by the force F applied by the solenoid 116 through 
the resilient ring 96. The forward force applied by the spring 
120 is negligible, similar to the rearward force applied by the 
spring 128. This spring functions to hold the system of the 
piston, elastomeric ring and its end caps, and solenoid 
against unwanted rearward movement caused by orientation 
changes, vibrations and the like. Because of the increased 
mass that the spring 120 must handle, its spring constant will 
typically be proportionately higher than that of the spring 
128. 

As long as the force F exceeds the net upward force due 
to the fluid, the valve will maintain the orientation shown in 
FIG. 2. Once, however, the force F is exceeded by the force 
from the fluid, the piston will lift the ring 96 and its end caps 
into the position shown in FIG. 4b. As was previously 
discussed, with the valve in this retracted position, there is 
direct communication between the primary and secondary 
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6 
fluid bodies through the holes 52 and slot 54. Accordingly, 
fluid may flow from the primary body into the secondary 
body and through a port 134 to a reservoir or other volume. 
The pressure difference between the two fluid bodies dimin 
ishes to P-P=F/(Tc(R)') the piston returns toward the 
position shown in FIG. 2. 

Accordingly, the valve acts as a pressure regulator, lim 
iting the amount by which the pressure P can exceed the 
pressure P. The pressure difference is controlled by varying 
the force applied by the solenoid 116. As the piston sweeps 
only the primary fluid body, and the division between the 
primary and secondary fluid bodies is parallel to the piston 
axis, the force exerted by the primary fluid body on the 
piston is substantially independent of the location of the 
piston along its travel path and the flow of fluid between the 
primary and secondary bodies. When there is a sharp 
increase in the pressure P relative to the pressure P, the 
piston is driven quickly back. As the piston is driven back, 
initially the solenoid shaft 114 is driven back more slowly 
than the piston with the resilient ring 96 compressing to 
make up the difference. After the valve is opened, this extra 
compression is relieved as the solenoid shaft eventually is 
driven back by distance equal to the displacement of the 
piston. Thus the presence of the resilient ring or an equiva 
lent spring member reduces the response time of the valve 
when compared with a rigid linkage between the solenoid 
and piston. This reduces the pressure spike otherwise asso 
ciated with the need to overcome the mass of the piston and 
actuator. 

A damper unit is shown in FIG. 1. The damper unit is 
configured for use in place of an automotive or similar 
vehicle shock absorber and is described with reference to a 
standard vertical orientation as is illustrated. The damper 
includes a body or case formed of concentric inner and outer 
sleeves 150 and 152, respectively, having a central axis 502 
and sealed at their ends by upper and lower end caps 154 and 
156, respectively. A threaded shaft 158 extends upwardly 
from the upper end cap 154 for attachment to the sprung 
mass of a vehicle. A shaft 160 extends through a central bore 
in the lower end cap 156. Its upper ends lies within the inner 
sleeve 150 and carries a piston 162 which divides the space 
within the inner sleeve into an upper chamber portion 164 
and a lower chamber portion 166. At the lower end of the 
shaft 160, a threaded portion 168 depends for attachment to 
the unsprung mass of the vehicle. A fixed ring 170 divides 
the annular space between the inner and outer sleeves 150 
and 152 into an upper and a lower annular space, 172 and 
174, respectively. Upper and lower ports 176 and 178, 
respectively, in the inner sleeve 150 adjacent its upper and 
lower ends place the upper and lower annular spaces in 
communication with the upper and lower chamber portions. 
A first relief valve 40a and a Second relief valve 40b for 
regulating the pressures in the compression and rebound 
chambers, respectively, are mounted to the outer sleeve 152. 
Optionally, a single valve may be used to control the 
pressure in a single chamber or to alternately control the 
pressure in the compression and rebound chambers when the 
damper is in compression and rebound modes, respectively. 
The latter may be done using a series of check valves which 
place the primary fluid body of the valve in communication 
with one chamber at a time. 

Except as is specifically described, the relief valves 40a 
and 40b are identical to the relief valve 40 of FIG. 2 and have 
similar elements designated with the same reference 
numeral followed by the letter a orb, respectively. The ports 
134a and 134b of the two valves are placed in abutting 
relationship to permit communication between the second 
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ary fluid bodies of the two valves to create a unitary 
secondary fluid body. Adjacent the front end of each valve, 
a port 176 and 178, respectively, formed in the outer sleeve 
152 places the primary fluid bodies of the first and second 
valves in communication with the upper and lower annular 
spaces 172 and 174 so that the upper and lower chamber 
portions 164 and 166 become portions of the primary fluid 
bodies for the first and second valves, respectively. 
A port 180 is formed in the outer sleeve of the second 

valve 40b. A hose 182 connects the port to a cylinder 184 in 
which rides a piston 186. Accordingly, the cylinder becomes 
a portion of the unitary second fluid body. A linear position 
transducer 190 is connected to the piston for measuring its 
displacement. A signal indicative of the transducer position 
is provided to a control system via wiring 192. The trans 
ducer and piston apply only minimal force to the second 
fluid body so that the second fluid body remains constant at 
essentially atmospheric pressure. Optionally, a spring 194 
may be provided to bias the piston 186 against the fluid in 
the cylinder 184. This produces a slight increase in the 
baseline fluid pressures throughout the system to help 
improve hydraulic operation. The effect is somewhat similar 
to that the use of gas-charging in conventional shock absorb 
ers. The spring can be used to apply a pressure much lower 
than in conventional gas-charged systems and has the advan 
tages of physical simplicity and not needing gas-tight seals. 
When the damper is placed under compression, the pres 

Sure P in the upper or compression chamber portion 164 
increases. Because this represents the primary fluid body for 
the first valve 40a, the pressure P is regulated by the control 
input delivered to the solenoid 116a. At this time, the lower 
or rebound chamber portion 166 is being expanded rather 
than compressed. As this provides the primary fluid body for 
the second valve 40b, the piston 56a will function as a check 
valve, moving into the orientation shown in FIG. 4a so as to 
permit fluid flow from the unitary secondary fluid body into 
the rebound chamber 166. 

Accordingly, when the damper is subject to compression, 
the pressure in the rebound chamber will be substantially 
atmospheric pressure so that the total resistive force applied 
by the damper to resist compression between the sprung and 
unsprung masses of the vehicle is Fc-P1c(R)' wherein R 
is the internal radius of the inner sleeve 150. This force F 
can, accordingly, be governed by the input to the solenoid 
116a. 
When the damper is under extension or rebound rather 

than compression, the sprung and unsprung masses of the 
vehicle are being drawn apart so as to pull the piston 162 
downward within the inner sleeve 150 so as to place the 
rebound chamber 166 under compression. In this rebound 
mode, the operations of the two valves 40a and 40b are 
substantially reversed from that of the compression mode. 
The first valve 4.0a operates as a check valve as has been 
previously described. The second valve 40b operates to 
regulate the pressure within the rebound chamber 166. The 
damper will resist the rebound by applying a force F. 
drawing the sprung and unsprung masses together. The force 
F, is equal to the product of the rebound pressure, as 
regulated by the second valve 40b, and the cross-sectional 
area upon which it operates. Thus, the rebound force 
F=PTc((R)-(R)) wherein R is the radius of the shaft 
160. 
As the piston 162 moves within the inner sleeve, the 

length of the shaft 160 within the damper varies. As the shaft 
is inserted into the chamber while the damper is compressed, 
an amount of hydraulic fluid equivalent to the distance of 
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8 
insertion multiplied by the cross-sectional area of the shaft 
must be displaced through the valve 40a and into the 
reservoir 184. Similarly, as the shaft is extracted, fluid is 
drawn from the reservoir 184 and back into the compression 
chamber. Accordingly, the position of the reservoir piston 
186 is directly coupled to the position of the damper piston 
162. The linear position transducer 190, provides an output 
(over wiring 192) which indicates the extension of the shaft 
160 and, thus, the relative position of the sprung and 
unsprung masses at the damper. 

For cushioning abrupt initial motion of the shaft 160 
relative to the remainder of the damper, the piston 162 is 
formed as a central rigid member 200 held between an upper 
and a lower resilient ring 202 and 204, respectively. The 
upper and lower rings are, at their respective upper and 
lower ends, held by upper and lower flange members 206 
and 208. The lower flange member abuts a lower washer 210 
carried on an annular upward facing shoulder 212 of the 
shaft 160 separating the main body of the shaft from an 
upper shaft section 214 of reduced radius. The upper flange 
abuts a washer 216 at the upper end of the shaft which is held 
by a bolt 220. The central member 200 carries an outer 
O-ring 222 which rides in an outwardly facing annular bore 
and seals against the inner sleeve 150. An inner O-ring 224 
rides in an inwardly facing annular bore formed in a central 
longitudinal bore through the central member which encom 
passes the upper shaft section 214. The inner O-ring 224 
forms a seal between the central member 200 and the upper 
shaft section 214. Together, the O-rings 222 and 224 isolate 
the compression and rebound chambers so that no fluid 
passes directly between. Although elastomeric (rubber) 
O-rings are shown, these elements may be replaced by PTFE 
quadrings or bands or other appropriate seal materials and 
configurations. 
Upon abrupt compression of the damper, the shaft 160 is 

driven upward. Fluid in the compression chamber 164 
passes around the upper flange 206 and exerts a pressure 
downwardly on the central member 200. This pressure 
causes the lower resilient ring 204 to compress. Similarly, 
upon rebound the fluid in the rebound chamber 166 passes 
around the lower flange 208 and exerts an upward pressure 
on the central member 200 which compresses the upper 
resilient ring 202. The compliance provided by this system 
reduces the requirement for the relief valves 4.0a and 40b to 
activate very quickly upon short or abrupt motions and 
reduces high frequency vibrations and harshness when the 
vehicle hits bumps. 
Exemplary specifications for the damper of FIG. 1, 

dimensioned as a heavy-duty damper for use on a large 
vehicle such as a bus or motor home, are: 

Solenoid 116 is a model PS-16 solenoid manufactured by 
Elwood Hydraulics Company, Inc. It has a linear stroke 
of approximately 0.125 inch at a force control range of 
0 to 35 pounds. It also has an approach zone of 0.125 
inch. In the approach zone the control force drops off. 
Therefore, there is a spring that is an integral part of the 
solenoid that compresses in this range so as to offset the 
drop in force. The benefit of allowing the solenoid to 
open a full 0.25 inch is that the largest flow area can be 
achieved for very fast flow rates (bumps). 

The radius R of pressure-sensing piston 60 is 0.125 inch, 
giving an area of approximately 0.05 square inch. 
Controlled by the solenoid, this yields a pressure con 
trol range of from 0 to 700 psi (35 pounds/0.05 square 
inch). 

The radius R of piston 162 is l.2 inches for an area of 
approximately 4.5 square inches, giving a controlled 
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damping force of approximately 0 to 3,000 pounds (4.5 
square inches700 psi). 

The radius R is approximately 0.5 inch and the slot 
height 0.25 inch (the stroke of the solenoid) to allow for 
sufficient flow area for the fluid that is displaced by the 
piston 162. 
The resilient member 96 allows for approximately 0.05 

inch of compression (/6 of the stroke) at 35 pounds of 
force. Note that when the solenoid is powered to its full 
35 pounds and the valve is in the closed position, the 
resilient member will be compressed 0.05 inch when 
the tolerances are appropriately set so that the full 700 
psi will be required to open the valve as described. 

The reservoir piston 186 has a diameter of approximately 
2 inches and a stroke of 1.5 inches. 

The reservoir spring 194 has a compressed force at 
normal position of about 150 pounds for a bias pressure 
of 50 psi (150 pounds/3 square inches). 

The piston compliance consists of compression resilient 
member 204 that provides about 3,000 pounds at about 
2 inches of travel, and a rebound resilient member 202 
that provides about 3,000 pounds at about 1 inch of 
travel. The lesser rebound is consistent with conven 
tional damping design philosophy where the rebound 
forces are higher than the compression forces to mini 
mize harshness and make best use of the space avail 
able. The 3,000-pound force range covered by the 
compliance is selected to match the maximum control 
force. 

An alternate dual-slot valve piston 256 and inner sleeve 
244 is shown in FIG.5. Otherwise identical to the piston and 
sleeve 56 & 44 of FIG. 3a, the piston and sleeve each have 
two rings of ports. The sleeve has forward and rear slots 
254a and 254b and holes 252a and 252b, respectively. 
Similarly, the piston has a forward and a rear ring of ports 
275a and 275b, respectively. The dual slot (or even higher 
multiple) valve allows for more communication and greater 
flow between the primary and secondary fluid bodies, while 
not necessitating that either the valve and solenoid travel be 
increased (to facilitate longer ports (front to rear)) or requir 
ing the piston radius to be increased. 
An alternate valve configuration is shown in FIG. 6 

wherein the valve element is a cap member 310 which fits 
over an internal sleeve member 312 having a ring of ports 
314 having beveled edges. The internal sleeve 312 extends 
upwardly from a web 316 having a ring of longitudinal holes 
318 which are sealed by a spring-loaded check valve 320. 
The primary fluid body 322 is the area within and below the 
internal sleeve 312 and web 318, respectively. The second 
ary fluid body 324 is the region outside of and above the 
internal sleeve and web, respectively. The check valve 
prevents flow from the primary to the secondary bodies 
through the holes 318, but permits the reverse flow. The 
inner sleeve has an internal radius R which determines the 
effective swept area of the valve (the cross-sectional area of 
the primary fluid body perpendicular to the valve element 
travel and adjacent the ports 314). The valve element 310 
has a top portion 326 from which depends a piston 328 of 
nominal radius R, which passes through a bore of substan 
tially identical radius in a cover portion 330 of the internal 
sleeve 314. A ring of ports 332 in the valve element 310 
adjacent its top permit communication of the secondary fluid 
into the area within the valve element and above the internal 
sleeve. The ports 332 are sized to provide a degree of 
damping for motion of the valve element by restricting this 
flow of fluid. The primary fluid body applies an upward 
force to the valve element which is equal to the pressure in 
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10 
the primary fluid multiplied by the cross-sectional area of 
the piston 328 (ItR,”). Since R is greater than R7, the force 
applied by the primary fluid is less than the product of P and 
the swept area tR”. Similarly, the secondary fluid body 
applies a downward force equal to its pressure times the 
same area. If P and P. designate the pressures in the 
primary and secondary fluid bodies, respectively, there is a 
net downward force of (P-P) (tR'). A solenoid having a 
shaft 340 applies a downward force via a plate 342 and 
spring 344 to the top portion 326 of the valve element. The 
solenoid and spring function similarly to the solenoid and 
resilient ring of tire valve of FIG. 2. A spring 346 located 
between the upper end of the inner sleeve 312 and the top 
326 of the valve element 310 bias the valve in an open 
direction. 

In operation, when the net upward force resulting from the 
pressures in the first and second fluid bodies is greater than 
the force applied by the solenoid, the valve element moves 
upward permitting communication through the ports 314. 
The force exerted by the spring 346 is largely negligible, 
serving primarily to smooth the operation of the valve. 
A damper with a hybrid compliance is shown in FIG. 7. 

The damper piston and relief valves are largely identical to 
those of FIG.1. The upper and lower valves 420a and 420b 
are oriented vertically, alongside the outer sleeve 422 of the 
damper. The two valves face each other so that their axes 
coincide and are separated by a compliance cylinder 424. 
Within the cylinder is a moveable compliance piston having 
a central resilient member 426 and upper and lower rigid end 
plates 428a and 428b, respectively, at upper and lower ends 
of the central resilient member and contacting fluid within 
the cylinder. These disk-shaped end plates have O-rings 
riding in outwardly facing bores in their circular peripheries 
for forming a seal with the cylinder 424. An upper and a 
lower volume 430a and 430b are confined between the 
upper and lower ends of the cylinder and the upper and 
lower end plates, respectively. The upper volume is in 
communication with the compression chamber of the 
damper and the lower volume in communication with the 
rebound chamber of the damper. 
A manifold 440 connects the outlets from the secondary 

fluid bodies of the upper and lower valves to establish the 
unitary secondary fluid body and further connects to a 
cylinder 450 otherwise similar to the cylinder 184 of the 
damper of FIG. 1. A port 444 extends from the manifold 
through to a central location within the cylinder 424. Upon 
compression of the central resilient member, for example 
when a pressure increase in the compression chamber 
presses the upper plate 428a downward while the lower 
plate 428b is restrained by the end of the cylinder, fluid may 
escape from the cylinder into the manifold. 
The upper and lower volumes 430a and 430b are addi 

tionally bounded by end plates formed at the bases of the 
upper and lower valves and having central ports 432a and 
432b to establish communication between the respective 
volumes and the compression and rebound chambers of the 
damper. The diameter of the ports 432a and 432b may be 
chosen to provide a degree of damping for motion of the 
compliance piston. For example, to provide the high forces 
associated with wheel hop (typically a 1-2 inch oscillation 
occurring at approximately 10 Hz), which, for a large car are 
often on the order of 1,000 pounds, small ports or orifices are 
desirable so that at the high-frequency (approximately 10 
Hz) the fluid will not be able to enter the compliance 
cylinder, which would otherwise prevent the chambers from 
achieving the desired resistive force. Such an orifice, how 
ever, allows the fluid to act upon the compliance for lower 
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frequency oscillations such as roll and pitch motions which 
occur at frequencies on the order of 1 Hz. It is commonly 
recognized that the control of hop is primarily governed by 
the rebound port 432b so that the compression port 432a 
need not necessarily be of reduced size. 
The compliance provided by the compliance piston may 

be used in conjunction with the compliance of the damper 
piston or as a substitute therefor. Similarly, in the damper of 
FIG. 1, the upper and lower annular spaces between the 
inner sleeve and the flange 206 (and washer 216) and flange 
208 (and washer 210), respectively provide orifices which 
serve to dampen the compliance and can be similarly 
selected to control wheel hop. 

Exemplary specifications for the damper of FIG. 7, 
dimensioned as a heavy-duty damper for use on a large 
vehicle such as a bus or motor home, are: 
The specifications provided for the damper of FIG. 1, 

except the compliance on the piston would be substan 
tially reduced in force and travel. The piston compres 
sion resilient member 204 provides approximately 750 
pounds at about 0.5 inch of travel, and the rebound 
resilient member 202 provides approximately 1,000 
pounds at about 0.25 inch of travel or may even be 
eliminated. The significant reduction in piston compli 
ance is replaced by the external compliance. The exter 
nal compliance will be required when there is insuffi 
cient stroke space within the damper body 150 to 
accommodate the length of the compliance piston that 
would otherwise be required. 

The compliance cylinder 424 has a diameter of approxi 
mately 2.4 inches (close to the diameter of the piston 
162). 

The resilient member 426 has a spring rate of approxi 
mately 1,500 pounds/inch and a travel of about 2 
inches, again providing the maximum control force of 
3,000 pounds. 

The compression control orifice 432a is large so as not to 
interfere with flow, typically 1.5 inches. 

The rebound control orifice 432b is smaller in order to 
stiffen the rebound compliance at the higher frequen 
cies to control the unsprung mass, typically 0.4 inch. 
The use of rebound only to control the unsprung mass 
is also consistent with conventional damping philoso 
phy. 

While preferred embodiments of a damper and its asso 
ciated relief valves have been described and illustrated 
herein, other constructions will be apparent to those skilled 
in the art. Additionally, such valves and dampers may be 
used, where appropriate, in non-vehicular applications. It is 
therefore to be understood that, within the scope of the 
appended claims, the invention may be practiced otherwise 
than as specifically described. 
What is claimed is: 
1. A valve for selectively establishing communication of 

a fluid between first and second fluid bodies having first and 
second pressures, respectively, the valve comprising: 

a valve body; 
a valve element carried within the valve body for linear 

reciprocal movement along a valve axis between a first 
position wherein an operative portion at the front of the 
valve element blocks communication between the first 
and second fluid bodies and a second position wherein 
the first and second fluid bodies are in communication, 
said movement responsive to a rearward force exerted 
by the fluid on the valve element due to the first 
pressure, which rearward force is less than the product 
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12 
of the first pressure and a cross-sectional area of the 
first fluid swept by the valve element; and 

an actuator located at or behind the valve element for 
applying and modulating forward force to the valve 
element for controlling the response of the valve ele 
ment to the first pressure when the valve is located 
between the first and second positions. 

2. The valve of claim 1 wherein the valve element is 
moveable within a sleeve formed in the valve body and 
having perforations, the first and second fluid bodies com 
municating through the perforations when the valve element 
is in the second position. 

3. The valve of claim 2 wherein the perforations are 
formed in at least one annular ring. 

4. The valve of claim 2 wherein the operative portion has 
at least one port permitting communication of the fluid 
through the operative portion of the valve to a region behind 
the operative portion. 

5. The valve of claim 4 wherein the operative portion has 
an inlet facing forward and in constant communication with 
the first fluid body and an outlet, in communication with the 
inlet and sealed by the sleeve when the valve element is in 
the first position and in communication with the second fluid 
body when the valve element is in the second position. 

6. The valve of claim 5 wherein the perforations are 
formed in at least a forward and a rear annular ring and 
wherein, when the valve element is in the second position, 
the communication between the first and second fluid bodies 
is direct through the forward ring of perforations and via the 
inlet and outlet of the valve element through the rear ring of 
perforations. 

7. The valve of claim 1 comprising a resilient member 
coupling the valve element to the actuator so as to permit an 
initial movement of the valve element greater than an initial 
movement of the actuator responsive to an increase in the 
first pressure. 

8. The valve of claim 7 wherein a first spring biases the 
valve element rearward toward its first position from its third 
position. 

9. The valve of claim 8 wherein a second spring biases the 
resilient member forward so as to bias the valve element 
forward from its second position to its first position. 

10. The valve of claim 8 wherein the resilient member is 
held between a front and a rear end cap, the rear end cap 
connected to the actuator and engaging the second spring 
and the front end cap abutting and engaging the valve 
element when the valve elementis in the second position and 
engaging the valve body when the valve is in the third 
position so that the actuator applies force through the 
resilient member to the valve element when the valve 
element is located between the first and second positions and 
applies force across the valve body when the valve element 
is between the first and third positions. 

11. The valve of claim 10 wherein the actuator comprises 
a solenoid. 

12. The valve of claim 1 wherein the valve element is 
moveable to a third position forward of the first position and 
wherein the first and second bodies are in communication. 

13. The valve of claim 12 wherein movement of the valve 
element between the first and third positions is independent 
of the actuator. 

14. The valve of claim 13 wherein the forward force 
applied by the actuator does not act on the valve element 
when the valve element is in the third position. 

15. A damper comprising: 
a piston carried within a fluid-containing chamber for 

reciprocation along a piston axis and separating upper 
and lower chamber portions; 
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a shaft operatively connected at a first end to the piston 
and extending through the lower chamber portion along 
the piston axis with a second end external to the 
chamber; and 

a valve for selectively establishing communication 
between first and second fluid bodies having first and 
second pressures, respectively, the valve comprising 
a valve body; 
a valve element carried within the valve body for linear 

reciprocal movement along a valve axis between a 
first position wherein an operative portion at the 
front of the valve element blocks communication 
between the first and second fluid bodies and a 
second position wherein the first and second fluid 
bodies are in communication, said movement 
responsive to arearward force exerted by the fluid on 
the valve element due to the first pressure, which 
rearward force is less than the product of the first 
pressure and a cross-sectional area of the first fluid 
swept by the valve element; and 

an actuator located at or behind the valve element for 
applying and modulating forward force to the valve 
element for controlling the response of the valve 
element to the first pressure when the valve is located 
between the first and second positions; wherein the 
valve is connected to the damper so that the upper 
chamber provides the first fluid body. 

16. The damper of claim 15 further comprising a second 
said valve as defined in claim 15 connected to the damper so 
that the lower chamber provides the first fluid body for the 
second valve. 

17. The damper of claim 16 wherein the second fluid body 
for the first valve coincides with the second fluid body for 
the first valve as a unitary second fluid body, 

18. The damper of claim 17 further comprising accom 
modating means for accommodating changes in volume of 
said secondary fluid body of said first and second valves. 

19. The damper of claim 18 wherein the accommodating 
means comprises a linear displacement transducer for mea 
suring a volume of displaced fluid. 

20. The damper of claim 18 wherein the accommodating 
means comprises a piston in contact with the second fluid 
and a spring for biasing the piston for increasing the baseline 
fluid pressure within the damper. 
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21. The damper of claim 17 further comprising compli 

ance means for absorbing abrupt movement of the damper 
shaft so as to moderate an increase in the pressure within 
either of the upper and lower chamber portions before the 
valve elements of either of the first and second valves are 
able to move into their second positions. 

22. The damper of claim 21 wherein the compliance 
means comprises a central rigid member of the damper 
piston, moveable along the damper shaft and held between 
and retained by first and second resilient members, the first 
member compressible upon a compression of the damper 
and the second member compressible upon a rebound. 

23. The damper of claim 21 wherein the compliance 
means comprises: 

a cylinder having first and second ends; and 
a compliance piston moveable within the cylinder and 

having a central resilient member and first and second 
rigid end plates at first and second ends of the central 
resilient member and contacting fluid within the cyl 
inder, 

wherein a first volume between the first end of the 
cylinder and the first end plate communicates with the 
upper chamber portion of the damper and a second 
volume between the second end of the cylinder and the 
second end plate communicates with the lower cham 
ber portion of the damper. 

24. The damper of claim 23 wherein first and second 
orifices regulate communication between the upper and 
lower chamber portions and first and second volumes, 
respectively. 

25. The damper of claim 23 further comprising measuring 
means for measuring changes in volume of said second fluid 
body of said first and second valves, which measuring means 
comprise a linear displacement transducer connected to a 
transducer piston in contact with the second fluid body. 

26. The damper of claim 21 wherein both of the first and 
second valves are moveable to a third position forward of 
their respective first positions and wherein their respective 
first and second bodies are in communication and wherein 
movement of their respective valve elements between the 
first and third positions are independent of their respective 
actuatorS. 


